See editorial on page 191.

SummaryWe created a mouse model in which E-cadherin in the pancreas was specifically deleted. Loss of E-cadherin resulted in pancreatitis-like changes under physiological conditions and contributed to carcinogenesis in the presence of an oncogene.

E-cadherin is a Ca^2+^-dependent adhesion protein belonging to the classic cadherin family. Physiologically, the classic cadherins play important roles in cell-to-cell adhesion and epithelial polarity. Although E-cadherin is one of the constituent members of adherens junctions, it also is responsible for intracellular signaling and gene transcription.[@bib1]^,^[@bib2]

E-cadherin knockout mice die at an early embryonic stage and, therefore, conditional knockout mice have been used in studies. For example, deletion of E-cadherin in skin impaired epidermal barrier function, resulting in death at the neonatal stage.[@bib3] We reported previously that deletion of E-cadherin in the liver leads to the development of periportal inflammation resembling sclerosing cholangitis via impairment of the intrahepatic biliary network.[@bib4] Therefore, E-cadherin plays an important role in tissue homeostasis, although its roles differ among organs.

With regard to the pancreas, previous studies have indicated that E-cadherin expression was up-regulated in rodent models of chemically induced acute pancreatitis. This reaction was considered to be a response to protect and repair cell--cell adhesions of pancreatic acinar cells.[@bib5]^,^[@bib6] On the other hand, chronic pancreatitis, which is associated with a high risk of pancreatic adenocarcinoma (PDAC), showed low or no expression of E-cadherin.[@bib7] However, the precise functional role of E-cadherin in the pancreas still is unknown, especially in vivo.

It has been reported that alteration of E-cadherin expression contributes to cancer progression.[@bib4] In human gastric cancer, loss of E-cadherin has been linked with diffuse-type cancer,[@bib8] and germline-inactivating mutations in the E-cadherin gene are characteristic of hereditary diffuse gastric cancer syndrome.[@bib9] Loss of E-cadherin has organ-specific effects (eg, liver, stomach, skin, or mammary gland), such as inflammation, hyperproliferation, and promotion of tumor formation.[@bib4]^,^[@bib10], [@bib11], [@bib12] In pathogenic states, E-cadherin has been reported as a marker of morphologic changes, such as epithelial--mesenchymal transition (EMT), but there is little evidence that cancers undergo EMT by deletion of E-cadherin.

Pancreatic cancer is the third leading cause of cancer-related deaths, with a 5-year relative survival rate of 8%. The majority of patients are diagnosed at an advanced stage, for which the 5-year survival rate is 3%.[@bib13] Reduction of E-cadherin expression in pancreatic cancer is observed especially in undifferentiated cancers and is correlated with EMT induction and poor prognosis.[@bib14] Transcriptional repressors, such as Snail, Slug, and Twist, play important roles in induction of EMT, and E-cadherin is a major target of these factors. However, it is unclear whether the loss of E-cadherin is a real regulator of EMT induction and pancreatic cancer development.[@bib15]

Therefore, we investigated the roles of E-cadherin in the pancreas and pancreatic tumor development using pancreas-specific E-cadherin knockout mice.

Results {#sec1}
=======

*Cdh1* Is Required for Growth and Maintenance of the Pancreas {#sec1.1}
-------------------------------------------------------------

To examine the physiological roles of E-cadherin in the pancreas, we crossbred homozygous loxP-flanked alleles of *Cdh1* (*Cdh1*^*f/f*^) mice with pancreas transcription factor 1a (*Ptf1a*)*-Cre* transgenic mice expressing Cre recombinase from the *Ptf1a* promoter (*Ptf1a-Cre; Cdh1*^*f/+*^). *Cdh1* heterodeficiency did not contribute to the phenotype. Next, we crossbred *Ptf1a-Cre; Cdh1*^*f/+*^ with *Cdh1*^*f/f*^ mice to generate *Ptf1a-Cre; Cdh1*^*f/f*^ mice (named *PC* mice) ([Figure 1](#fig1){ref-type="fig"}*A*). Successful Cre-mediated recombination was assessed by polymerase chain reaction (PCR). *PC* mice were born at the expected Mendelian ratio with a morphologically normal pancreas. During postnatal day 0 (P0) to P2, there were no differences in appearance or histology between *Cdh1*^*f/f*^ and *PC* mice ([Figure 1](#fig1){ref-type="fig"}*B*). However, *PC* mice remained small compared with the controls after P3--P4 ([Figure 1](#fig1){ref-type="fig"}*C*). *PC* mice began to die at P12, and none of the *PC* mice survived for more than 28 days. The pancreatic histology of *PC* mice changed markedly at P6--P15. We observed dilated abnormal acinar cells at P6, and aberrant epithelial tubules structurally resembling acinar-to-ductal metaplasia (ADM) ([Figure 1](#fig1){ref-type="fig"}*B*). There was no E-cadherin expression on the surface of pancreatic acinar cells, whereas E-cadherin--positive cells were observed in ADMs ([Figure 1](#fig1){ref-type="fig"}*D*). These results suggested that E-cadherin was not required for pancreatic development at the embryonic stage but was required for growth and maintenance of the pancreas in the postnatal stage.Figure 1**E-cadherin maintains pancreatic homeostasis.** (*A*) Experimental protocol for deleting E-cadherin in the pancreas. (togoTV mouse images was used) (*B*) H&E staining of the pancreas obtained from *Cdh1*^*f/f*^ and *PC* mice on P0--P15. (*C*) Gross images of *Cdh1*^*f/f*^ and *PC* mice on P8. (*D*) Immunohistochemical analysis of E-cadherin in the pancreas from mice of each genotype and time point. *Upper panels*: Cre-negative mice (*Cdh1*^*f/f*^). *Lower panels*: Cre-positive mice (*PC*). *Scale bars*: 100 μm.

Loss of *Cdh1* Causes Inflammatory and Fibrotic Changes {#sec1.2}
-------------------------------------------------------

We performed immunohistochemistry (IHC) analyses to examine the roles of E-cadherin in the morphologic changes seen in the pancreas of *PC*. *PC* mice had significantly decreased numbers of amylase-positive cells and increased numbers of cytokeratin 19 (CK19)-positive cells, as well as histologic changes reflected by a reduced area of acini and an increased number of ductal-like structures ([Figure 2](#fig2){ref-type="fig"}*A* and *B*). The serum amylase level was increased at P6, but decreased at P12, compared with controls, which showed no such changes ([Figure 2](#fig2){ref-type="fig"}*G*). These results also were consistent with the results regarding messenger RNA (mRNA) levels ([Figure 2](#fig2){ref-type="fig"}*I*). At P12--P15, intact areas of acini had almost disappeared, and remaining areas had been replaced by α-smooth muscle actin (α-SMA)-positive fibrotic cells as well as ADMs. Areas with positive Picro-Sirius red (PSR) staining appeared in the stroma, indicating the presence of collagen fibers ([Figure 2](#fig2){ref-type="fig"}*C* and *D*).Figure 2**Genetic inactivation of *Cdh1* caused pancreatitis-like changes.** IHC analysis of the *Cdh1*^*f/f*^ and *PC* pancreas on P6--P15 showed staining for (*A*) amylase, (*B*) CK19, (*C*) α-SMA, (*D*) PSR, (*E*) CD45, and (*F*) cleaved caspase-3 in the pancreas from mice of each genotype. (*G*) Serum amylase level of mice of each genotype on P6 and P12. (*H*) Quantification of CD45-positive cells per high-power field showed an increasing number of CD45-positive cells in the *PC* pancreas compared with the *Cdh1*^*f/f*^ pancreas. (*I*) Relative mRNA expression levels of amylase, CK19, inflammatory cytokines, and chemokines from pancreatic tissues of *Cdh1*^*f/f*^ and *PC* mice on P8. (*J*) Quantification of the area of positivity for amylase, cleaved caspase-3, CK19, α-SMA, and PSR at P6 and P15 in the pancreas of PC mice compared with wild-type mice (*Cdh1*^*f/f*^). *Scale bar*: 100 μm.

Cells positive for CD45, a marker of leukocyte common antigen, increased over time in the stroma ([Figure 2](#fig2){ref-type="fig"}*E* and *H*). In addition, relative mRNA expression levels of inflammatory cytokines and chemokines, such as Cxcl2, Ccl2, interleukin 6, and tumor necrosis factor α, were increased at P8 ([Figure 2](#fig2){ref-type="fig"}*I*). Cleaved caspase-3--positive cells, a marker of apoptosis, were nonspecifically observed with *Cdh1*^*f/f*^ acinar cells, but *PC* at P6--12 showed strong staining around ductal structures, indicating apoptosis at the sites of ADM formation ([Figure 2](#fig2){ref-type="fig"}*F*). At P15, pancreatic tissue of *PC* had been almost completely replaced with fibrotic tissue, and cleaved caspase-3 staining in these areas was not clear; all *PC* mice died by P28 because their pancreas had been functionally compromised by the lack of E-cadherin. These results indicated that loss of E-cadherin in the pancreas caused pancreatitis-like changes accompanied by ADM-like changes. However, we did not observe pancreatic intraepithelial neoplasia (PanIN), a precursor of PDAC. We quantified the area positive for amylase, cleaved caspase 3, CK19, α-SMA, and PSR in the P6 and P15 pancreas ([Figure 2](#fig2){ref-type="fig"}*J*).

Loss of E-Cadherin Provides Tumorigenic Activity to Pancreatic Cells and Contributes to Carcinogenesis {#sec1.3}
------------------------------------------------------------------------------------------------------

The mutational activation of *Kras* is the most common genetic mutation in PDAC.[@bib16] To investigate further the pathologic roles of E-cadherin in the pancreas, we cross-bred mice with the *Ptf1a-Cre*, *LSL-Kras*^*G12D/+*^, and *Cdh1*^*f/f*^ alleles to generate mice with a combination of oncogenic *Kras*^*G12D/+*^ expression and *Cdh1* deletion in the pancreas. Previous studies indicated that the *Ptf1a-Cre; LSL-Kras*^*G12D/+*^ (*PK*) mouse model started to develop PanIN from 2 weeks of age, and some eventually developed PDAC.[@bib17]^,^[@bib18] We also confirmed that the *PK* mouse pancreas showed no morphologic changes during P0--P8 ([Figure 3](#fig3){ref-type="fig"}*A*). In contrast, when *Cdh1* deficiency was added to *Kras*^*G12D/+*^ (*Ptf1a-Cre; LSL-Kras*^*G12D/+*^*; Cdh1*^*f/f*^ \[PKC\] mice), ADMs and PanINs (low-grade PanIN or PanIN1A/B) were observed at P4--P5, whereas no abnormal changes were observed at P0--P2. The P8 PKC mouse pancreas showed aberrant and dilated ducts corresponding to PanIN-2/3 and desmoplastic reaction-like changes ([Figure 3](#fig3){ref-type="fig"}*A*). PanINs of PKC mice showed partial staining by IHC for E-cadherin at P4--P5. At P7--P8, PanINs of PKC mice also showed partial positive staining for E-cadherin and some showed structural abnormalities, while other lesions in the pancreas showed no staining for E-cadherin ([Figure 3](#fig3){ref-type="fig"}*B*). Decreased amylase staining and increased CK19 staining were observed, as observed in *PC* mice ([Figure 3](#fig3){ref-type="fig"}*C* and *D*). At P7--P8, the hard pancreas of PKC mice invaded and adhered to the intestine, and mice died with massive ascites. However, we did not observe any metastasis in other organs. The P4 PKC mouse pancreas contained abundant stromal components that showed positive staining for α-SMA and vimentin ([Figure 3](#fig3){ref-type="fig"}*E*).Figure 3**Loss of E-cadherin with mutational activation of *Kras* causes the formation of PanIN structures with desmoplastic reaction-like changes.** (*A*) H&E staining of the pancreas from *PK* and PKC mice on P0--P8. IHC analysis of (*B*) E-cadherin, (*C*) amylase, and (*D*) CK19 in mice of the indicated genotypes and at the indicated time points. (*E*) The P8 PKC pancreas showed positive IHC staining for α-SMA and vimentin in stroma.

To characterize these components, we crossbred PKC mice with *Rosa26-LSL-tdTomato*. *Ptf1a-Cre* recombinant cells were labeled with *td Tomato* and confirmed by staining with red fluorescent protein (RFP). All PanINs and approximately half of the cells in stromal components were positive for RFP, suggesting that not only PanINs but also many stromal cells were recombined with *Kras*^*G12D/+*^. In addition, these lesions were positive for Ki67 and phospho--extracellular signal-regulated kinase (p-ERK). These results indicated that PKC stromal components contained tumor cells causing EMT with aggressive and invasive phenotypes ([Figure 4](#fig4){ref-type="fig"}*A*). We also performed immunofluorescence staining for RFP and CD44. Because RFP-positive cells and CD44-positive cells co-stained with some spindle-shaped cells, some of the cells undergoing recombination were likely to have had increased tumorigenic activity ([Figure 4](#fig4){ref-type="fig"}*B*). To investigate the changes caused by loss of E-cadherin, we evaluated DNA damage. Staining with γ histone 2AX (γH2AX) was performed to assess DNA double-strand breaks. Although strongly positive nuclei were observed in *PC* mice, little staining was observed in *PK* mice. P4--P5 PKC mice showed slight positive staining, but the staining weakened at P7--P8 ([Figure 4](#fig4){ref-type="fig"}*C*). Similarly, cleaved caspase-3 was positive in *PC*, but in PKC the staining became weak ([Figure 4](#fig4){ref-type="fig"}*D*). ADM and PanIN lesions were mixed in the pancreas of PKC at P4. ADM lesions were positive for cleaved caspase-3, while PanIN lesions were negative ([Figure 4](#fig4){ref-type="fig"}*E*). To assess the extent of DNA damage, we quantified by IHC the proportions of cells positive for cleaved caspase-3 and γH2AX ([Figure 4](#fig4){ref-type="fig"}*F*). Chemotherapy and radiotherapy are mainly responsible for DNA damage, but previous studies have shown that cells expressing oncogenic *Kras*^*G12D/+*^ acquired resistance through stem cell conversion.[@bib19] When pancreatic tissues of PKC were evaluated by quantitative reverse-transcription PCR, the levels of *Cd44*, Krüppel-like factor 4 (*Klf*)*4*, *Klf5*, and *Cd133* mRNA expression as markers of stem cells were increased compared with wild-type ([Figure 4](#fig4){ref-type="fig"}*G*). Cells positive for CD44, KLF4, and KLF5 on IHC were seen in the PKC pancreas, especially PanIN lesions ([Figure 4](#fig4){ref-type="fig"}*H*). These observations suggested that loss of E-cadherin provided tumorigenic activity to pancreatic cells and contributed to PanIN formation.Figure 4**Loss of E-cadherin with mutational activation of *Kras* contributed to carcinogenesis.** (*A*) IHC analysis for RFP, p-ERK, and Ki67 of PKC with *td Tomato* at P4. *Black arrowheads*: positive staining cells in stroma. (*B*) Immunofluorescence for RFP (red), CD44 (green), and 4\',6-diamidino-2-phenylindole (DAPI) (blue) in the PKC pancreas at P4. IHC analysis of (*C*) γH2AX and (*D*) cleaved caspase-3 from mice of the indicated genotypes and time points. (*E*) ADM structures showed positive IHC staining for cleaved caspase-3, whereas PanIN structures in the PKC pancreas at P4 showed mild positivity. (*F*) Quantification of the cleaved caspase-3-- and γH2AX-positive area in the P0--P2, P4--P5, and P7--P8 pancreas of *PC* and PKC mice compared with *PK* mice. (*G*) Relative mRNA expression levels of *Cd44*, *Klf4*, *Klf5*, and *Cd133* in pancreatic tissues of wild-type and PKC mice on P8. (*H*) IHC analysis of CD44, KLF4, and KLF5 from wild-type (WT) and PKC mice. *Scale bar*: 100 μm.

Establishment of Pancreatic Organoids From *Cdh1* Knockout Mice {#sec1.4}
---------------------------------------------------------------

To elucidate further the molecular mechanisms underlying the functions of E-cadherin, we established organoids derived from the pancreas of Cre-negative *Cdh1*^*f/f*^, *LSL-Kras*^*G12D/+*^, *LSL-Kras*^*G12D/+*^*; Cdh1*^*f/f*^ mice, and induced Cre-recombination using lentivirus (see the Materials and Methods section) (corresponding to PC, PK, and PKC organoids, respectively). Loss of E-cadherin and expression of oncogenic *Kras*^*G12D/+*^ were confirmed by Western blot and IHC ([Figure 5](#fig5){ref-type="fig"}*A* and *B*). *PC* organoids represented the collapsed form, while other organoids showed a spherical shape. *PK* and PKC organoids, expressing oncogenic *Kras*^*G12D/+*^, had dysplastic tall columnar cells. *PC* organoids contained many cleaved caspase-3--positive cells, whereas PKC showed only partial positivity for caspase-3. These results were consistent with the in vivo data. Although loss of E-cadherin caused disruption of the morphology owing to apoptosis, addition of oncogenic *Kras*^*G12D/+*^ reversed that effect ([Figure 5](#fig5){ref-type="fig"}*B*). *Cdh1* was re-expressed using lenti-Cdh1 in PKC organoids (*PKC+C*). *PKC+C* organoids showed aligned structures similar to the original *PK* organoids ([Figure 5](#fig5){ref-type="fig"}*C*). E-cadherin expression was confirmed by Western blot ([Figure 5](#fig5){ref-type="fig"}*D*). We compared the expression of EMT markers (*Snail* and *Twist*) in PKC and *PKC+C* RNA samples to determine whether cadherin was caused by EMT because the levels of EMT markers did not differ significantly between the 2 types of samples ([Figure 5](#fig5){ref-type="fig"}*E*). Immunofluorescence analysis showed E-cadherin and β-catenin costaining in the cell wall in *PKC+C*. In contrast, β-catenin staining was observed in the cytoplasm in PKC organoids, suggesting increased Wnt signaling activity ([Figure 5](#fig5){ref-type="fig"}*F*). To examine Wnt signaling activity, we evaluated the mRNA levels of *c-Myc*, *Axin1*, and *Lef1*, which were higher in PKC compared with *PKC+C* ([Figure 5](#fig5){ref-type="fig"}*G*).Figure 5**Establishment of pancreatic organoids expressing each genotype.** (*A*) Confirmation of Cre-recombination using lentivirus by Western blot. ACTB (beta actin) served as loading control. Cre indicates lentivirusinfection expressing cre recombinase and Emp indicates control lentivirus infection. (*B*) H&E and IHC staining for E-cadherin and cleaved caspase-3 in pancreatic organoids after gene recombination. (*C*) H&E staining of PKC and *PKC+C* (*Cdh1* re-expressing) organoids. (*D*) Confirmation of Cre-recombination and lentivirus-mediated *Cdh1* re-expression by Western blot. (*E*) Relative mRNA levels of *Snail* and *Twist* in PKC and *PKC+C* organoids. (*F*) Immunofluorescence staining for β-catenin (red), E-cadherin (green), and 4\',6-diamidino-2-phenylindole (DAPI) (blue) of PKC and *PKC+C* organoids. (*G*) Relative mRNA levels of *c-Myc*, *Axin1*, and *Lef1* in PKC and *PKC+C* organoids. WT, wild-type.

*Cdh1*-Deficient Cell Line With *Kras* Mutation Showed Greater Migratory and Invasive Activity {#sec1.5}
----------------------------------------------------------------------------------------------

*PC*, *PK*, and PKC organoids were transplanted subcutaneously into nude mice to evaluate carcinogenesis. After 4 weeks, *PK* and PKC organoids formed tumors, whereas none (0 of 4) of the *PC* organoids formed tumors. E-cadherin--positive ductal structures were found in *PK* tumors but disappeared in PKC tumors, and PKC tumors had structures similar to poorly differentiated adenocarcinoma according to the World Health Organization classification ([Figure 6](#fig6){ref-type="fig"}*A* and *B*). Evaluation of mesenchymal cells by IHC for vimentin showed partial positivity in *PK*, but extensive positivity in PKC ([Figure 6](#fig6){ref-type="fig"}*C*). We also examined liver metastasis by injecting these cells into the spleen. Liver metastases were induced successfully by both *PK* and PKC cells, but tumor number and size did not differ in the cell types. Tumor histology was consistent with the allograft model, and ductal structures were found in *PK* tumors but not in PKC tumors. We also generated an orthotopic transplant model in which cells were injected into the pancreas, which had similar tissue types to the liver metastasis model ([Figure 6](#fig6){ref-type="fig"}*D* and *E*). Therefore, 2-dimensional (2D) culture was possible for *PK* and PKC, and we performed functional evaluation. Comparison of PKC with *PK* lines showed that loss of E-cadherin was associated with faster closure in a wound healing assay ([Figure 6](#fig6){ref-type="fig"}*F*) and greater invasive capability in an invasion assay ([Figure 6](#fig6){ref-type="fig"}*G*). These results suggested that loss of E-cadherin significantly accelerates genetically induced pancreatic tumor formation through induction of EMT.Figure 6***Cdh1* deletion resulted in mesenchymal features with acquisition of migratory and invasive properties.** Subcutaneous transplants from *PK* and PKC organoids were evaluated by staining with (*A*) H&E and for (*B*) E-cadherin and (*C*) vimentin. (*D*) PKC cells in liver metastases also lacked E-cadherin. IHC analysis of E-cadherin in liver metastatic allografts of *PK* and PKC mice. T indicates tumor. (*E*) H&E staining to confirm orthotopic transplantation of *PK* and PKC cells. (*F*) Wound healing assay showed that PKC cell lines had increased migratory ability compared with *PK* cell lines on days 2 and 6. (*G*) Invasion assay showed staining of greater numbers of PKC cells than *PK* cells.

Loss of E-Cadherin in the Mature Pancreas Accelerates PanIN Formation {#sec1.6}
---------------------------------------------------------------------

The mouse model described earlier was not suitable for long-term analysis of early death. Therefore, we generated a mouse model using the tamoxifen-inducible Cre recombination system. Tamoxifen was administered orally at 6 weeks of age, and the same amount was administered again 1 week later. Analysis was performed 1 and 6 weeks after tamoxifen administration ([Figure 7](#fig7){ref-type="fig"}*A*). We compared *Ptf1a-Cre*^*ERT*^*; Kras*^*G12D/+*^*; Cdh1*^*f/f*^ (*iKras*^*G12D/+*^*; Cdh1*^*f/f*^) with *Ptf1a-Cre*^*ERT*^*; Kras*^*G12D/+*^*; Cdh1*^*f/+*^ (*iKras*^*G12D/+*^*; Cdh1*^*f/+*^) because *Cdh1* heterodeficiency did not contribute to the phenotype ([Figure 7](#fig7){ref-type="fig"}*B*). There were no phenotypic changes in either mouse line at 1 week after tamoxifen administration. At 6 weeks, PanIN formation and desmoplastic reaction were observed in *iKras*^*G12D/+*^*; Cdh1*^*f/f*^ ([Figure 7](#fig7){ref-type="fig"}*B*). Acini disappeared in *iKras*^*G12D/+*^*; Cdh1*^*f/f*^, and E-cadherin was positive only in the ductal part ([Figure 7](#fig7){ref-type="fig"}*C*). Even in these mouse models, the levels of *Cd44* and *Klf5* mRNA expression were increased, as in PKC mice. In addition, the mRNA level of *c-Myc* was increased ([Figure 7](#fig7){ref-type="fig"}*D*), which may explain activation of Wnt signaling and is similar to the results in [Figure 5](#fig5){ref-type="fig"}*F* and *G*. The *iKras*^*G12D/+*^*; Cdh1*^*f/f*^ stroma showed strongly positive staining for vimentin on IHC ([Figure 7](#fig7){ref-type="fig"}*E*). Next, we crossbred *iKras*^*G12D/+*^*; Cdh1*^*f/f*^ mice with *Rosa26-LSL*--yellow fluorescent protein (*YFP*) (*iKras*^*G12D/+*^*; Cdh1*^*f/f*^*; Rosa26-YFP*) to allow lineage tracing of stromal cells. In this model, YFP was expressed in cells with functional Cre-recombinase and confirmed by IHC for green fluorescent protein staining. When Cre-recombination was caused by administration of tamoxifen, green fluorescent protein--positive cells were observed in stroma, but the proportion of positive cells was relatively small compared with cells of PKC mice. It was considered that the cells expressing *Ptf1a* had morphologically changed into spindle-shaped cells (ie, tumor cells) with EMT ([Figure 7](#fig7){ref-type="fig"}*F*, black arrowheads).Figure 7**Loss of E-cadherin in the mature pancreas.** (*A*) Protocol of E-cadherin deletion in the pancreas. (togoTV mouse images was used) (*B*) H&E staining and (*C*) IHC analysis for E-cadherin in mice of the indicated genotypes and at various time points. (*D*) Relative mRNA expression levels of *Cd44*, *Klf5*, and *c-Myc* in pancreatic tissues from mice of each genotype at 6 weeks after tamoxifen administration. WT, Cre-negative mice, f/+, *iKras*^*G12D/+*^*; Cdh1*^*f/+*^, f/f, *iKras*^*G12D/+*^*; Cdh1*^*f/f*^. (*E*) IHC analysis for vimentin showed desmoplastic reaction in the *iKras*^*G12D/+*^*; Cdh1*^*f/f*^ pancreas, but not in *iKras*^*G12D/+*^*; Cdh1*^*f/+*^ at 6 weeks after tamoxifen administration. (*F*) IHC analysis for green fluorescent protein (GFP) in mice of *iKras*^*G12D/+*^*; Cdh1*^*f/f*^*; Rosa26-YFP* at 6 weeks after tamoxifen administration. *Black arrowheads*: positive staining cells in the stroma. W, week; WT, wild-type.

*Cdh1* Deletion Increases *Hdac1* Expression in *PKC* Cell Lines {#sec1.7}
----------------------------------------------------------------

Both PKC and *PKC+C* were subjected to complementary DNA (cDNA) microarray analysis. Analysis of the data with gene set enrichment analysis showed differences (nominal *P* \< .05) in sets of genes, such as those involved in DNA damage and chromosome organization ([Figure 8](#fig8){ref-type="fig"}*A*). The top 20 up-regulated genes in PKC compared with *PKC+C* were extracted. We focused on *Hdac1* ([Figure 8](#fig8){ref-type="fig"}*B*) because histone deacetylase (HDAC) inhibitors have been reported to be effective in pancreatic cancer cells.[@bib20] To investigate the contribution of *Cdh1* deficiency to its effect, we performed a proliferation assay using cells grown in 2D culture. PKC cells had a higher proliferative capacity than *PKC+C*, but a significant growth inhibitory effect of HDAC inhibitor (SAHA) was observed in PKC cells ([Figure 8](#fig8){ref-type="fig"}*C*). These results suggest that *Hdac1* might be a therapeutic target for cells with E-cadherin deletion.Figure 8**The presence of *Cdh1*-regulated *Hdac1*.** (*A*) Gene set enrichment analysis of expressed genes from cDNA microarrays of PKC and *PKC+C* (nominal *P* value \< .05). (*B*) Expression data of the top 20 genes showing differences in expression between PKC and *PKC+C*. (*C*) Proliferation assay for PKC and *PKC+C* with or without HDAC inhibitor (SAHA). ad, addition; DMSO, dimethyl sulfoxide.

Discussion {#sec2}
==========

The results of the present study show the roles of *Cdh1* in a pancreas-specific conditional knockout mouse model. In the physiological state, loss of E-cadherin resulted in the disappearance of acinar cells and the formation of ducts with apoptotic changes, suggesting a phenotype of pancreatitis-like changes based on evaluation of serum amylase levels, CD45-positive cells, and inflammatory cytokines. Pancreatitis-like changes are caused by the increased levels of proinflammatory cytokines at P8 and the serum level of amylase at P6. In contrast, the serum amylase level and the number of IHC-positive cells were decreased at P12. In addition, the number of caspase-3, IHC-positive cells was greater at P15 compared with P6. Therefore, loss of E-cadherin causes tissue disruption and induces pancreatitis-like changes, followed by death at approximately P28 because of functional failure of the pancreas. In vitro, organoids could not maintain epithelial alignment, indicating a direction in which apoptosis was induced as in vivo. Previously, we reported that loss of E-cadherin in the intrahepatic bile duct epithelium functionally impaired biliary flow, and subsequently induced cholestatic liver injury and sclerosing cholangitis.[@bib4] We assumed that E-cadherin plays an important role in maintaining cell-to-cell contact in the pancreatic duct and that loss of E-cadherin impairs the flow of pancreatic juice and eventually causes pancreatitis-like changes. Similar mouse data were published during preparation of this manuscript, although no organoids and human data have been reported.[@bib21] Consistent with previous studies, even in the pancreas, E-cadherin deficiency alone did not induce carcinogenesis.[@bib4]^,^[@bib22]^,^[@bib23] Mutational *Kras* activation was found in human pancreatic cancer at a frequency of 90%,[@bib16] and mutational *Kras* activation was also an important genetic mutation in a mouse model.[@bib24] In the mouse model, the frequency of carcinogenesis induced only by *Kras* mutation was low, and the incidence of carcinogenesis increased with the addition of dysfunction of cancer-suppressing genes, such as *p53* and *Ink4a*/*Arf*. [@bib17]^,^[@bib25]^,^[@bib26] When Cdh1-deficient mice were subjected to mutational *Kras* activation (PKC mice), histologic changes in the direction of tumor formation were observed in the early postnatal stage, whereas *Kras* activation alone resulted in no morphologic changes (*PK* mice). This model showed the formation of PanIN and increased stroma resembling aggressive tumors. In our studies using *td Tomato* reporter mice, RFP-positive cells were observed in the stroma. In addition, cells positive for p-ERK and Ki67 were observed in the stroma, suggesting the occurrence of massive neoplastic growth in the stroma. The co-staining of RFP and CD44 indicates that those cells have acquired tumorigenic activity.

E-cadherin is considered to act as a tumor suppressor,[@bib27] and mutation of its gene contributes to carcinogenesis. In gastric and breast cancer, *Cdh1* deficiency and mutation are observed at a certain frequency.[@bib28]^,^[@bib29] Low E-cadherin expression level has been reported in pancreatic cancer,[@bib7] but *Cdh1* deficiency and mutation are uncommon.[@bib30] Therefore, the role of E-cadherin in pancreatic cancer still is unclear. The mouse model produced in this study combined the deficiency of E-cadherin and mutational *Kras* activation in the pancreas. This model showed PanIN formation and increased stroma resembling aggressive tumors at an early stage after birth. Our studies using *td Tomato* and *YFP* reporter mice indicated the presence of cells derived from *Ptfla-Cre* in the stroma,[@bib31]^,^[@bib32] and cells positive for p-ERK and Ki67 were observed in the stroma. These observations suggest the occurrence of neoplastic growth. Because these model mice die approximately 10 days after birth, evaluation of the tumors themselves was difficult. Therefore, we produced a tamoxifen-inducible mouse model. Mutational *Kras* activation and *Cdh1* deficiency were introduced in the mature pancreas. This transgenic mouse model showed PanIN formation, which takes half a year with *Kras* mutation alone,[@bib17] within the entire pancreas at approximately 6 weeks of age.

The observations of the present study raise questions as to why tumor formation occurs more quickly in the E-cadherin deletion model. One possibility is that compensatory proliferation after cell death owing to E-cadherin deletion may play an important role in transformed cell proliferation. Previously, we reported that the death of parenchymal cells activated adjacent myeloid cells to produce mitogens that promote compensatory proliferation of surviving transformed parenchymal cells to liver carcinogenesis.[@bib33] However, we saw only a small amount of cell death in the model, whereas proliferative response and mitogenic cytokine levels were increased. Alternatively, deletion of E-cadherin may confer tumorigenic activity and cause cellular reprogramming, resulting in tumor initiation.[@bib34] Recent reports have suggested that the transient expression of reprogramming factors in *Kras* mutant mice is sufficient to induce the activation of ERK signaling in acinar cells and rapid formation of PDAC.[@bib35] Notably, we found that expression levels of *Cd44*, *Klf4*, *Klf5*, and *Cd133*, markers of stem cells or reprogramming, were increased in PKC tumor tissues. High *Cd44* expression level is correlated with poor prognosis and poorly differentiated phenotype in human PDAC.[@bib36], [@bib37], [@bib38] *Klf4* and *Klf5* also are expressed in pancreatic cancer and have been reported to be an important transcription factor for PanIN formation.[@bib39]^,^[@bib40] The increased mRNA level of *c-Myc* in *iKras*^*G12D/+*^*; Cdh1*^*f/f*^ pancreatic tissue indicates promotion of Wnt-induced growth signaling pathways. In the organoids of the PKC mice, β-catenin was transferred to the cytoplasm and the mRNA levels of *c-Myc*, *Axin1*, and *Lef1*, which are markers of Wnt signaling, were increased in comparison with those of the *PKC+C* mice. Structurally, E-cadherin and β-catenin are connected, and it is thought that Wnt signaling is activated by β-catenin in the absence of E-cadherin.[@bib2] However, the precise mechanism by which deletion of E-cadherin increases the expression of these factors is unknown.

Another question is whether E-cadherin deletion in tumors causes EMT or a histologically undifferentiated phenotype. In gastric cancer and breast cancer, *Cdh1*-deficient tumors often become poorly differentiated tissue.[@bib8]^,^[@bib41] In the present study, allografts of *Cdh1*-deficient and *Kras* mutational tumors showed a tissue type similar to undifferentiated pancreatic cancer. E-cadherin--deficient tumor cells were positive for vimentin and showed high motility and invasiveness, suggesting that the cells had gained an EMT phenotype. However, we did not see an apparent increase in metastasis associated with E-cadherin deletion. These observations were consistent with a previous report that EMT may increase tumor invasiveness, but are not involved in tumor metastasis in vivo.[@bib42]

Although it is difficult to capture the target of a candidate treatment for tumors in E-cadherin deletion or reduced tumors, the results of our cDNA microarray analysis indicated that *Hdac1* was one of the targets. HDAC plays an important role in chromatin remodeling and controls transcription. The expression of HDAC is increased in tumors and suppresses the expression of tumor-suppressor genes by epigenetic control to deacetylate histones and therefore promotes tumor formation. HDAC inhibitor was reported to up-regulate a gene, the expression of which is suppressed by histone acetylation.[@bib43] In pancreatic cancer, HDAC is increased and it has been reported that HDAC increase inhibits the expression of E-cadherin.[@bib44] There have been no reports of increased HDAC expression resulting from the loss of E-cadherin in the pancreas and, therefore, further studies are required. We examined whether the presence or absence of E-cadherin in pancreatic cancer cells contributes to the effect of HDAC inhibition using an HDAC inhibitor, which already has been introduced in a clinical trial in pancreatic cancer.[@bib45] The results indicated that *Cdh1* knockout cells had more aggressive proliferative behavior, but the inhibition rate by HDAC inhibitor was greater than that in the presence of *Cdh1*, and so loss of E-cadherin may be a predictive marker for the effectiveness of HDAC inhibitor treatment. In clinical trials, HDAC inhibitors have not been used in combination with key drugs such as gemcitabine, and so further trials are warranted. In addition, although the effect of HDAC inhibitors on E-cadherin deficiency has been reported, the presence of a variety of genetic mutations reduces their efficacy in clinical practice.[@bib44] In this study, we used a model in which E-cadherin was deleted and *Kras* was mutated, and so the effect of the HDAC inhibitor may have resulted from the lower grade of malignancy compared with human pancreatic cancer.

In summary, E-cadherin is important for maintenance of homeostasis in the pancreas. Under pathologic conditions with mutational *Kras* activation, E-cadherin plays an important role in tumor formation via acquisition of tumorigenic activity. Loss of E-cadherin is associated with an increase in *Hdac1* expression, and *Cdh1*-negative patients may show a greater beneficial effect of HDAC inhibitor treatment.

Materials and Methods {#sec3}
=====================

Mice {#sec3.1}
----

*Ptf1a-Cre*, *LSL-Kras*^*G12D/+*^, *Ptf1a-Cre*^*ERT*^, *Cdh1*^*f/f*^, and *Rosa26-LSL-tdTomato* mice were described previously.[@bib17]^,^[@bib21]^,^[@bib31]^,^[@bib46]^,^[@bib47] Nude mice were purchased from CLEA (Tokyo, Japan). The mice were maintained at the Institute for Adult Diseases of the Asahi Life Foundation and the Graduate School of Medicine of Yokohama City University. The Ethics Committees for Animal Experimentation of Yokohama City University and the Institute for Adult Diseases of the Asahi Life Foundation approved all experiments involving animals.

Organoid Experiments {#sec3.2}
--------------------

Isolated pancreatic tissue was minced and digested in dissociation medium consisting of Dulbecco's modified Eagle medium (DMEM) supplemented with 1% fetal bovine serum and 5 mg/mL collagenase II (Sigma, St. Louis, MO). Next, pancreatic tissue was mixed with Matrigel (Corning) and seeded onto plates containing culture medium consisting of Advanced DMEM/F12 (Gibco, Waltham, MA) supplemented with 10 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, B27, and N2, 10 mmol/L nicotinamide, 1 mmol/L *N*-acetylcysteine (Sigma), 50 ng/mL epidermal growth factor (Peprotech), 100 ng/mL fibroblast growth factor (Peprotech), 100 ng/mL Noggin (Peprotech, Rocky Hill, NJ), 10% R-spondin-1--conditioned medium, and 50% Wnt3A conditioned medium. The organoids were incubated in Cell Recovery Solution (BD Biosciences, Franklin Lakes, NJ) and embedded in Matrigel to be passaged.

To induce Cre recombination, organoids were infected with Cre-expressing lentiviral vectors and selected using puromycin. In addition, *Cdh1*-deleted organoids were infected with lenti-*Cdh1* to induce re-expression of CDH1, and were selected using hygromycin B.

Reagents {#sec3.3}
--------

The HDAC inhibitor (SAHA, cat 10009929; Cayman Chemical, Ann Arbor, MI) was dissolved in dimethyl sulfoxide at 100 mmol/L and diluted to 1 μmol/L. The primary antibodies used in these experiments were anti--E-cadherin, anticleaved caspase-3, anti--phospho-ERK, anti-γH2AX, and antivimentin (Cell Signaling, Beverly, MA); anti-Ki67, anti-amylase, and anti-CK19 (Abcam); anti--α-SMA (Santa Cruz Biotechnology, Santa Cruz, CA); anti-CD45 and anti--β-catenin (BD Biosciences); anti-RFP (Rockland Antibodies & Assays, Limerick, PA); and anti--green fluorescent protein (Medical & Biological Laboratories, Nagoya, Japan). Tamoxifen (Sigma) was dissolved in corn oil containing 10% ethanol and was administered by oral gavage to mice at 6 weeks of age (5 mg per mouse).

Histology {#sec3.4}
---------

The pancreas was isolated from the mice and fixed in 10% formalin in phosphate buffer. Tissues were embedded in paraffin, cut into sections, mounted on slides, and subjected to staining with H&E or PSR, and processed for IHC. After deparaffinization and rehydration, the slides were incubated with 3% H~2~O~2~ at room temperature to block endogenous peroxidase activity. For antigen retrieval, the slides were incubated for 15 minutes at 121°C in an autoclave or twice for 10 minutes each in a microwave oven at 600 W, and subsequently incubated overnight at 4°C with the indicated primary antibodies. Biotinylated anti-rabbit, anti-rat, and anti-mouse secondary antibodies (1:200 dilution; Vector Laboratories, Burlingame, CA) were next added for 30 minutes at room temperature. The solutions in the Vectastain ABC Kit (Vector Laboratories) diluted 1:200 were applied to the slides in accordance with the manufacturer's directions. After 30 minutes, the slides were developed with 3,3′-diaminobenzidine substrate (Muto Pure Chemicals, Tokyo, Japan) and counterstained with hematoxylin. The area of staining was quantitated using ImageJ software (National Institutes of Health, Bethesda, MD). For immunofluorescence, slides were incubated with the indicated primary antibodies, followed by the corresponding secondary antibodies labeled with Alexa 488 or 594 (Molecular Probes, Eugene, OR). After 30 minutes, the slides were mounted with 4\',6-diamidino-2-phenylindole (Vector Laboratories).

Western Blot {#sec3.5}
------------

Whole-pancreas protein homogenates and cell lysates prepared using Tissue Protein Extraction Reagent (Thermo Fisher Scientific) were subjected to sodium dodecyl sulfate--polyacrylamide gel electrophoresis and transferred onto Immobilon-P membranes (Merck Millipore). The membranes were incubated in polyvinylidene difluoride blocking reagent (Toyobo) for 1 hour and subsequently overnight at 4°C with the indicated primary antibodies. Next, the membranes were incubated with the appropriate secondary antibodies, and immune complexes were detected using the ECL Prime Western Blotting Detection Reagent (GE Healthcare). Images were obtained using an LAS-3000 (Fujifilm) or ChemiDoc (Bio-Rad) imaging system.

Quantitative Reverse-Transcription PCR {#sec3.6}
--------------------------------------

RNA was extracted from pancreatic tissue using ISOGEN2 (Nippon Gene, Tokyo, Japan), and cDNA was generated using a High-Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific). Quantitative reverse-transcription PCR was performed using Fast SYBR Green Master Mix (Thermo Fisher Scientific) and a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). Gene expression levels were normalized to that of *GAPDH* as an internal reference. Primer sequences are available upon request.

Cell Culture {#sec3.7}
------------

We established *Ptf1a*^*cre/+*^*; Kras*^*G12D/+*^*; Cdh1*^*f/f*^ (PKC) and *Ptf1a*^*cre/+*^*; Kras*^*G12D/+*^*,* re-expressing *Cdh1* (*PKC+C*) 2D cell lines from the organoids using the lentiviral vectors described earlier in DMEM (Gibco) containing 10% fetal bovine serum (Biosera, Nuaille, France), and 2% penicillin-streptomycin (Thermo Fisher Scientific). *Ptf1a*^*cre/+*^*; Cdh1*^*f/f*^ organoids could not be established in 2D culture.

Subcutaneous Tumor and Liver Metastasis Allograft Models {#sec3.8}
--------------------------------------------------------

For the allograft model, centrifuged organoid fragments were injected subcutaneously into nude mice. Tumors were removed and measured when they became palpable. For the liver metastasis model, we prepared 2D-cultured cells from the organoids. The prepared cells were injected into the spleen using a 29-gauge needle. To prevent tumor-cell leakage, a cotton swab was held over the spleen for 1 minute. The splenic blood vessels were ligated, the injected spleen was removed, and the wound was sutured with clips.

Wound Healing Assay {#sec3.9}
-------------------

Mouse cancer cells were seeded onto 6-well plates and starved of serum overnight when near complete confluence. Next, scratch wounds (500 μm) were made using a cover glass. The cells were incubated for up to 6 days and migration was assessed at the indicated time points.

Invasion Assay {#sec3.10}
--------------

Invasion was assayed using a commercial kit (BioCoat Matrigel Invasion Chamber; BD Biosciences), which contains polyethylene terephthalate membrane inserts with a pore size of 8.0 μm in a 24-well format, according to the manufacturer's protocol.

Cell Proliferation Assay {#sec3.11}
------------------------

Aliquots of 6 × 10^3^ PKC or *PKC+C* cells were seeded onto 48-well plates and incubated for 24 hours. The culture medium was removed and fresh medium containing dimethyl sulfoxide or SAHA was added. Next, 10 μL of Cell Counting Kit-8 (Dojindo, Tokyo, Japan) solution was added to each well and the culture medium was transferred to 96-well plates for measurement of the absorbance at 450 nm using a microplate reader (Beckman Coulter, Brea, CA) at 0, 12, 24, and 48 hours.

Microarray {#sec3.12}
----------

The SurePrint G3 Mouse Gene Expression 8 × 60K v2 (Agilent Technologies, Santa Clara, CA) microarray was used in this study according to the manufacturer's protocol. The microarray data were subjected to gene set enrichment analysis with permutations across gene sets using the c5.all.v6.2.symbols.gmt gene sets from the Molecular Signatures Database.

Statistical Analysis {#sec3.13}
--------------------

Values are presented as means ± SEM. The significance of differences was examined using the Student *t* test. In all analyses, *P* \< .05 indicated statistical significance.
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